Uterine leiomyomas are benign tumors that can cause pain, bleeding, and infertility in some women. Mediator complex subunit 12 (MED12) exon 2 variants are associated with uterine leiomyomas; however, the causality of MED12 variants, their genetic mode of action, and their role in genomic instability have not been established. Here, we generated a mouse model that conditionally expresses a Med12 missense variant (c.131G>A) in the uterus and demonstrated that this alteration alone promotes uterine leiomyoma formation and hyperplasia in both WT mice and animals harboring a uterine mesenchymal cell-specific Med12 deletion. Compared with WT animals, expression of Med12 c.131G>A in conditional Med12-KO mice resulted in earlier onset of leiomyoma lesions that were also greater in size. Moreover, leiomyomatous, Med12 c.131G>A variant-expressing uteri developed chromosomal rearrangements. Together, our results show that the common human leiomyoma-associated MED12 variant can cause leiomyomas in mice via a gain of function that drives genomic instability, which is frequently observed in human leiomyomas.
Introduction
Uterine leiomyomas, or fibroids, are benign tumors arising from smooth muscle cells of the uterus. They are clinically diagnosed in 25% of women of reproductive age and are often associated with dysmenorrhea, dyspareunia, menorrhagia, infertility, and miscarriages (1, 2) and are the single largest cause of hysterectomy. Leiomyomas are monoclonal in origin, and 40% of the tumors have karyotypic abnormalities, including deletions in chromosome 7, trisomy of chromosome 12, and rearrangements involving the HMGA1 (6p21) and HMGA2 (12q14) genes (3) (4) (5) . Whole-exome approaches have identified heterozygous somatic mutations in the mediator complex subunit 12 (MED12, Online Mendelian Inheritance in Man [OMIM] 300188) in approximately 70% of leiomyomas in patients from various ethnic and racial groups (6, 7) . The majority of identified mutations occur in exon 2 of MED12.
MED12 is located on the X chromosome and encodes a 250-kDa protein that is a subunit of the large mediator complex and is involved in transcriptional regulation of the RNA polymerase II complex. The MED12 protein is highly conserved among eukaryotes (8) and plays an important role during embryogenesis, as Med12-null mouse embryos arrest at E7.5 due to impaired mesoderm formation (9) . Despite the high prevalence of MED12 mutations within human uterine leiomyomas, their causality and mode of action are not well understood. Here, we show that the common Med12 variant associated with human leiomyomas, Med12 c.131G>A, can drive tumor formation alone in a gain-offunction manner and causes genomic instability.
Results and Discussion

Conditional loss of function of Med12 does not lead to uterine hyperplasia or leiomyomas.
We first determined whether the conditional inactivation of Med12 causes leiomyomas. Since Med12 is expressed from the X chromosome, random X chromosome inactivation will lead to random expression of either the paternal or maternal Med12 locus in uterine myometrial cells. We crossed anti-Mullerian hormone receptor type II-driven Cre (Amhr2-Cre) (10) with Med12 fl/fl animals (9) to generate Med12 fl/+ Amhr2-Cre animals and studied the effects of Med12 deficiency in a subpopulation of uterine mesenchymal cells. The use of Med12 fl/+ animals, in which 1 allele is floxed and the other is WT, allowed us, in the presence of Amhr2-Cre recombinase, to generate a mosaic population of cells that either express or lack Med12.
Since Amhr2-Cre acts well after X chromosome inactivation is established (E6.5) (11), loss of Med12 function will not lead to skewed X inactivation in mouse uteri. To assess the Cre recombination in our hands, we crossed Amhr2-Cre mice with double-fluorescent Cre-reporter mT/mG mice (12) , which express red fluorescence in all tissues and green fluorescence upon Cre recombination. Given our results (Supplemental Uterine leiomyomas are benign tumors that can cause pain, bleeding, and infertility in some women. Mediator complex subunit 12 (MED12) exon 2 variants are associated with uterine leiomyomas; however, the causality of MED12 variants, their genetic mode of action, and their role in genomic instability have not been established. Here, we generated a mouse model that conditionally expresses a Med12 missense variant (c.131G>A) in the uterus and demonstrated that this alteration alone promotes uterine leiomyoma formation and hyperplasia in both WT mice and animals harboring a uterine mesenchymal cellspecific Med12 deletion. Compared with WT animals, expression of Med12 c.131G>A in conditional Med12-KO mice resulted in earlier onset of leiomyoma lesions that were also greater in size. Moreover, leiomyomatous, Med12 c.131G>A variantexpressing uteri developed chromosomal rearrangements. Together, our results show that the common human leiomyomaassociated MED12 variant can cause leiomyomas in mice via a gain of function that drives genomic instability, which is frequently observed in human leiomyomas.
Med12 gain-of-function mutation causes leiomyomas and genomic instability (10) .
We investigated whether uterine leiomyomas will form in mice that express the Med12 c.131G>A variant on a conditional KO background ( Figure 1A 
Med12R
mt/+ Amhr2-Cre female mice presented with pathological changes associated with leiomyoma formation at as early as 8 weeks of age (Supplemental Figure 3 , B and D). Histological evaluation revealed that, beyond 12 weeks of age, 80% of the uteri contained lesions consistent with leiomyomas. These lesions consisted of extracellular matrix (ECM) deposits, accompanied by infiltration of fibroblasts and macrophages, hyperplasia, and disorganized muscle fiber arrangement, leading to complete destruction of myometrial architecture. Tumors formed in Med12 fl/+ Med12R mt/+ Amhr2-Cre-mutant uteri expressed mutant Med12, as shown by the expression of FLAG, which was fused to mutant Med12 in our ROSA construct (Supplemental Figure 2F) .
It has been noticed that estrogen and progesterone promote leiomyomatous growth, and 30% of leiomyomas in human pregnancies increase in volume (13) . To corroborate these observations, we studied the effects of mouse parturition on leiomyomatous growth. Multiparous nonsynonymous variant, c.131G>A, predicted to substitute a highly conserved glycine with aspartic amino acid (p.Gly44Asp) (7). We investigated whether this Med12 mutation causes leiomyoma formation by generating a floxed Med12-mutant knockin mouse model (Supplemental Figure 2, A and B) . We engineered the c.131G>A variant into the mouse Med12 cDNA (Med12 mt ) fused with a FLAG tag, subcloned it into the pROSA26-DV1 vector, and integrated it into the autosomal ROSA26 genomic locus. The presence of the FLAG reporter allowed us to distinguish the expression of mutant Med12 from WT Med12 (Supplemental Fig- Med12 mouse mutations and genomic instability. Chromosomal rearrangements occur in 40% of human leiomyomas, and our data indicate that over 60% of uterine leiomyomas with an abnormal karyotype harbor MED12 mutations (7). To assess the genomic profiles of the Med12-mutated mouse tumors, we conducted array comparative genomic hybridization (aCGH) on 4 uteri with leiomyoma-like lesions ( Figure 1 ) and compared the profiles with those of uteri from littermate controls without Cre (Med12 fl/+ Med12R mt/+ ). All 4 tumors showed genomic copy number gains and losses (40 per tumor), with mouse chromosomes 2, 7, 14, and 17 being most frequently affected. The affected regions often consisted of genes targeting cell cycle checkpoints or tumor pathways such as Ras, Wnt/β-catenin, Tp53/Rb, NF-κB, and TGF-β signaling. Figure 5B) . Fifty percent of the uteri from Med12R mt/+ Amhr2-Cre-mutant mice that were over 12 weeks of age showed hyperplasia and leiomyomas, characterized by ECM deposition and a disorganized pattern of smooth muscle fiber arrangement (Supplemental Figure 5D ). Uteri that expressed mutant Med12 weighed 20% to 30% more than did control uteri (P < 0.05) (Supplemental Figure 5E) .
Examination of uteri from mice that were beyond 12 weeks of age revealed nodules that histologically resembled human leiomyomas due to deposition of ECM, whorl formation, and fewer nuclei ( Figure 2, C and E) . Our results show that the Med12 mis- trast, Amhr2-Cre-driven expression of the gain-of-function mutant form of β-catenin causes tumors in both the mouse myometrium and the stroma (18) . These results indicate that Med12 exon 2 mutations have specific tumorigenic effects in smooth muscle cells. aCGH of Med12 c.131G>A mouse uteri not only revealed genome-wide aberrations, but also showed complex chromosomal alterations such as chromothripsis. Recently, chromothripsis was reported in human leiomyomas and proposed as a possible mechanism of tumor progression (19) . Chromosomal aberrations in mice also occur in regions that are syntenic to human 1p, 1q, 2q, 6p21, and 18p regions, also rearranged in human leiomyomas. It was previously shown that 60% of human leiomyomas with 6p21 rearrangements harbored MED12 exon 2 mutations (20) . These data suggest that Med12 exon 2 mutations are precursors to genomic rearrangements and, hence, can cause genomic instability and drive tumor progression.
The limitations of our model include regulatory differences that may exist in the expression of Med12 on the X chromosome versus on an autosome. Autosomal Med12 is under the control of the ROSA promoter, which probably differs from the native Med12 promoter. Nonetheless, our model mimics the human condition and shows that Med12 variants can act through a gain-of-function mechanism. In the future, such models will provide a valuable tool for studying the role of MED12 in the genesis of uterine leiomyomas and the specificity of its effects on smooth muscle cells.
Methods
Further information can be found in the Supplemental Methods.
Materials. Med12 fl/fl mice were a gift of Heinrich Schrewe (MaxPlanck Institute, Berlin, Germany), and the Amhr2-Cre mice were a gift of Richard Behringer (The University of Texas, Houston, Texas, USA). Statistics. A 2-tailed Student's t test was applied to determine the difference of means among groups using GraphPad Prism 4.0 (GraphPad Software). Statistical significance was defined at a P value of less than 0.05.
Amhr2-Cre uteri also showed a few genomic regions with a pattern consistent with focal chromothripsis-like alterations (ref. 14 and Supplemental Figure 6A ).
Approximately 50% of the mouse aberrations had syntenic counterparts on human chromosomes (Supplemental Table 2 ), and a number of these regions are known to be rearranged in human leiomyomas (Table 1) Amhr2-Cre uterus, a deletion of the 4qD2.3 locus is syntenic to the human 1p36.1-p35 region ( Figure 3B ). Genomic rearrangements in 6p21 and 1p36.1-p35 are common in human leiomyomas. These results indicate that Med12 mutations can cause the genomic instability frequently seen in human leiomyomas. Recurrent human MED12 exon 2 mutations have been associated with benign tumors such as uterine leiomyomas (7) and breast fibroadenomas (15) ; however, their etiology, genetic mechanism of action, and role in genomic instability are unknown. We generated mouse models with Med12 loss of function and the most common human MED12 c.131G>A variant and studied their effects in mouse uteri. Our mouse models show that the Med12 c.131G>A variant alone drives tumor formation via a gain-offunction mechanism. These tumors histologically mimic human uterine leiomyomas, and their growth is affected by pregnancy, in accordance with human data.
There are 3 published Tg mouse models of uterine leiomyomas; these include Tg overexpression of hGPR10 driven with the calbindin-D9K promoter (16) , conditional deletion of Tsc2 (17) , and conditional expression of a gain-of-function mutant form of β-catenin (18) . The phenotype in these mice is confined to increased myometrial thickness and formation of small nodules, but none of these mice show the dramatic tumors we report here (Figure 1) . Interestingly, Amhr2-Cre drives mutant Med12 expression in both uterine smooth muscle (myometrium) and stroma, yet we only observed tumors derived from the mouse myometrium. In con- Study approval. All procedures were approved by the IACUC of the University of Pittsburgh and conducted in accordance with NIH guidelines for the care and use of laboratory animals.
